Abstract-Thanks to their motivational potential, video games have started to be increasingly used for e-learning. However, as e-learning gradually shifts towards mobile learning, there is a growing need for innovative techniques to deliver rich learning material such as educational games to resource-constrained devices. In particular, the limited battery capacity of mobile devices stands out as a key issue that can significantly limit players' access to educational games. This paper proposes an Energy-aware Adaptive Multimedia Game-based E-learning (EAMGBL) framework that aims to enable energy-efficient educational games delivery to mobile devices over wireless networks. The framework builds on top of the idea to render the game on the server side and stream a recording of it to the player's device over the Internet. To reduce the mobile device energy consumption and enable the player to play for longer, the proposed framework proposes to adapt both the educational game elements as well as the game's recorded multimedia stream.
I. INTRODUCTION
E-learning, or the use of digital technologies to facilitate learning, has seen much evolution over the past few years, as a result of technological advances as well as having to keep up with the needs of 21 st century learners in a fast changing world. In particular, e-learning has started to integrate video games in the learning process due to their potential to support higherorder learning outcomes, to engage the new generation of digital learners and to bridge the gap between their expectations and traditional learning practices [1] - [3] .
At the same time, users in general and learners in particular are increasingly adopting a mobile Internet connected lifestyle, with yearly global smartphone sales in particular having already crossed the 1 billion milestone [4] . However, the high variability of mobile device characteristics and capabilities poses new challenges to online service providers.
Recently, there has been a fast growth of game streaming services that deliver on the promise of cloud computing to enable playing of complex 3D games from a wide variety of devices with different characteristics and capabilities, even from resource-constrained ones. Rendering the game on the server and streaming a recording of it to the player's mobile device over the Internet takes significant workload out of the device. However, new issues and challenges have to be addressed in terms of various aspects such as user responsiveness, audio/video quality, service quality, operating cost or game adaptation [5] , [6] .
The limited battery capacity in particular, stands out to be the major key limitation of mobile devices [7] - [11] , as it can significantly limit players' access to educational material and affect their experience with the game-based e-learning system, especially when they have to interrupt their game-play due to low battery situations. Moreover, game streaming puts significant strain on the device battery, which has to power at the same time multiple power hungry components such as the wireless card, CPU and display in order to receive, decode and display the multimedia stream.
Therefore, a key challenge is the adaptation of the streamed games to enable energy saving while at the same time a good user Quality of Experience (QoE) [12] - [14] . The adaptation can address the game elements, the multimedia stream or a combination of the two, and along with the available battery energy has to consider various other resource constraints such as for example, the download limit for optimum stream delivery [6] .
In this context, this paper aims to propose and evaluate an Energy-aware Adaptive Multimedia Game-based E-learning (EAMGBL) framework that would enable energy-efficient streaming of video games in game-based e-learning systems.
The rest of the paper is structured as follows. Section II presents some research works related to this paper. Section III presents the proposed EAMGBL framework. Section IV presents the experimental testing setup and results. Section V concludes the paper and presents future work directions.
II. RELATED WORK
While extensive research work was conducted on mobile devices energy saving in general, significant less research was conducted on energy saving in mobile games in particular. Furthermore, to our best knowledge, no study had addressed energy saving in educational mobile games.
A number of different research papers have surveyed the various existing energy saving aspects and the existing energy saving solutions in mobile devices [15] - [19] . Moldovan et al. [15] have surveyed various approaches for energy measurement, modelling and adaptation, the three major mm14-129 aspects that have to be considered in order to deploy energyaware mobile learning systems and applications. VallinaRodriguez and Crowcroft [16] have addressed energy management techniques in mobile devices with focus on energy efficient operating systems (OS). The authors presented a number of energy-aware OSs, resource profilers and resource management techniques as well as solutions for optimizing energy consumption of wireless interfaces.
Energy-aware multimedia delivery was also the focus of several different surveys [17] - [19] . Starting from experimental tests conducted on a smartphone device, Kennedy et al. [17] , have identified the major energy consuming components in high-end devices namely display, CPU and network interface, and continued by presenting and classifying existing multimedia-centric energy saving solutions for these components. Hoque et al. [18] have surveyed various solutions for improving the energy efficiency of wireless multimedia streaming in mobile devices. Zhang et al. [19] have surveyed existing energy saving techniques for mobile multimedia delivery, which were grouped by the authors in two main approaches: power aware video coding and video delivery.
One major direction for energy saving in mobile games streaming is putting the wireless interface in a low energy consumption state when it is not used. Harvey et al. [20] have proposed to reduce energy consumption in multi-player mobile games, by putting the wireless interface in a low energy consumption state based on dead reckoning errors, more specifically the difference between the predicted location of the game objects and their true location. The authors have tested their solution using a multiplayer game simulator, the results showing that their proposed solution could achieve up to 36% energy saving. The power consumption of the wireless interface in a multi-player game was also shown that it can be reduced with between 20% and 50% by employing an algorithm based on dynamic lookahead for putting the wireless interface in a sleep state [21] .
Several energy saving solutions based on adapting the game elements or the game multimedia stream have also been proposed [6] . Game objects adaptation approaches include adapting their elements such as textures and lighting effects that are more bandwidth and rendering computation expensive, the by taking into consideration the object importance and bandwidth restrictions [22] , [23] . On the same idea multimedia stream adaptation can be done for example by encoding different areas of a frame corresponding to different game elements at different quality [24] , [25] . Fig. 1 presents the block-level representation of the proposed Energy-aware Adaptive Multimedia Game-based Elearning (EAMGBL) framework, with the interaction between its main components. EAMGBL is based on the generic clientserver architecture of an Adaptive E-learning System (AELS) that consists of an Adaptation Engine and various models. The functionality and the components of the EAMGBL framework are briefly presented next.
III. EAMGBL FRAMEWORK
The EAMGBL server comprises the following components: User Model, Domain Model, Adaptation Model, Device Model, Adaptation Engine, Game Rendering Module and Multimedia Recording-Encoding-Streaming Module.
The User Model stores information about the players in the form of user profiles. The information may include: demographic data (e.g., name, age, gender, etc.), playing expertise, game playing preferences, knowledge level on the studied material, motivation, etc. The user profiles are built automatically based on information received explicit from the user (e.g., through forms, questionnaires), or implicit through game-play monitoring. The Domain Model stores the individual game elements and the relationships between them, which are combined in order to create the in-game environment.
The Device Model maintains device energy profiles corresponding to the different mobile devices used by the players for accessing the educational games. The device profiles contain information about the mobile devices' characteristics and capabilities, such as: device model, operating system, screen size and resolution, CPU and GPU speed, memory, battery type and model, battery capacity, etc. Additionally, they are continuously updated with real-time information about the available battery energy that is collected through a Device Monitor located on the client-side.
The Game Rendering Module performs the computation intensive rendering tasks, enabling the players to use mobile devices with lower capabilities in order to play the educational games. The rendered game frames are recorded, compressed and streamed to the mobile device for playback.
The Adaptation Engine (AE) performs the energy-aware adaptation of the educational game. For maximising the energy saving, EAMGBL combines two types of adaptation: game elements adaptation and multimedia adaptation. The game elements are classified based on their importance for each game-playing scene, and the frames are divided into areas-ofinterest (AOIs). To reduce the amount of transmitted data and the device energy consumption, the AOIs corresponding to more important game elements are encoded at a higher quality than those corresponding to less important game elements.
On the client side, the player interacts with the game through a thin client. The Game Monitor is responsible with capturing the player's inputs, and passing them to the server where they are used in the actual control of the game.
IV. EXPERIMENTAL TESTING AND RESULTS

A. Educational Game
The "Fire Protocol" [26] educational game developed using the e-Adventure game platform [27] , was selected for testing purposes (see Fig. 2 ). Fire Protocol is a first-person game that aims to teach the fire safety evacuation protocol from a practical perspective. In the game, the player takes the role of Pablo, a member of the faculty. The game starts in the office where the players has to answer the phone, being informed to check for fire as the alarm was triggered in office 411, and to start the evacuation procedure if necessary.
After checking for fire, the player has to activate the alarm and then to check the teacher offices. In one office the player has a conversation with another character, informing him that there is a fire in office 411 and he has to leave the building immediately. Once the player has checked all offices he can proceed to leave the building. In order to successfully complete the evacuation procedure the player has to do all the tasks, as well as to maintain his calm during the conversation and to leave the building on stairs rather than taking the elevator. The Fire Protocol game was extended to incorporate a methodology for player motivation monitoring in game-based e-learning through making use of motivation metrics and implemented using game events [28] - [30] . Fig. 3 illustrates the experimental test-bed setup, consisting of a server, a wireless access point and a client device. The server machine was a Dell Vostro 3350 laptop PC running Microsoft Windows 7 64-bit operating system, and having a 2.3 GHz Intel Core i5-2410M CPU and 8 GB of RAM. The client device was a Samsung Galaxy SII smartphone running on Google Android version 4.1.2 operating system, and having a 4.3" AMOLED capacitive touchscreen with a resolution of 800×480 pixels, an Exynos 4210 1.2 GHz dual-core ARM Cortex-A9 CPU and 1 GB of RAM. The mobile device was capable to play full-HD 1080p videos without any buffering or playback issues.
B. Wireless Test-bed Setup
In order to stream the "Fire Protocol" educational game, we used the open source cloud gaming system GamingAnywhere version 0.7.5 [31] , [32] . The GamingAnywhere consists of a server application and a client application that are available for Windows, Linux and Mac OS X. Moreover, the client application was also ported to Android [33] . The game frames recorded on the server side are streamed to the GamingAnywhere client application using the RTSP over UDP protocol.
C. Energy Measurement Setup
External measurement equipment connected to the mobile device battery with the low-side current-shunt method [15] , was used in order to collect accurate energy consumption measurements of the smartphone device during the game streaming. Fig. 4 illustrates the energy consumption measurement setup. An Arduino Uno board was used in order to read the voltage across the shunt resistor, as well as the A Java application running on a Windows 7 laptop PC reads the voltage values from the serial port, and computes the average current load as well as the device power consumption for each second interval. The values are then saved to .csv files for further processing. The power logger PC and the smartphone device were time synchronized in order to facilitate the data analysis. Table I presents the main encoding settings for the three testing scenarios that were considered in the experimental testing. The scenarios correspond to three different factors (i.e., video resolution, framerate and bitrate) that can be adapted in order to reduce the mobile device power consumption with retrieving, decoding and displaying the game recording multimedia streams.
D. Test Scenarios
The Fire Protocol educational game had a native resolution of 800×600 pixels. Five resolution values (i.e., 800×600, 640×480, 480×360, 320×240 and 240×180 pixels) were used for scenario 1. The framerate was maintained to 30 fps, while the video bitrate was decreased with the resolution following the recommendations from [34] .
Five video framerate values (i.e., 30, 15, 8, 4 and 2 fps) were considered for testing scenario 2. The resolution was maintained constant to 800×600 pixels for each test case. As opposed, the video bitrate was decreased with the decrease in framerate, while maintaining a constant quantization factor equal to 25.
Five video bitrate values (i.e., 1500, 1200, 900, 600, 300 kbps) were considered for testing scenario 3. The resolution was maintained constant to 800×600 pixels for each test case. The framerate was also maintained constant to 30 fps.
The GamingAnywhere system makes use of libavcodec from FFmpeg in order to record the game frames on the server side. The encoding is done using the MPEG-4 AVC / H.264 video codec and the mp3 audio codec. All the other video and audio encoding parameters were maintained constant for all test cases. The audio bitrate was set to 128 kbps, while the audio sampling frequency was set to 48 KHz. The GOP size was maintained to the default value of 48, recommended by the creators of the GamingAnywhere system [32] .
The FireProtocol game does not allow to change the video resolution, while the GamingAnywhere system does not include video resolution scaling functionalities. Therefore, the resolution scaling was done by scaling the rendered video frames before being recorded for streaming.
E. Results
The results of the experimental testing are presented in Figures 5, 6 and 7, for the video resolution, framerate and bitrate change scenarios respectively. The figures present the average power consumption of the mobile device for each test case. Additionally, the figures present the power saving achieved by decreasing the resolution, framerate or bitrate, computed as the percentage relative to the highest quality for each scenario.
The results for scenario 1 presented in Fig. 5 show that the smartphone's energy consumption decreases with the video resolution decrease. The highest power saving of 18.13% for this scenario is achieved when changing the video resolution from 800×600 pixels to 240×180 pixels.
The results for scenario 2 presented in Fig. 6 show that considerably more battery power could be saved by decreasing the video framerates. For example, reducing the framerate from 30 fps to 2 fps, reduced the smartphone's power consumption by 44.11%.
The results for scenario 3 presented in Fig. 7 show that the smartphone's energy consumption also decreases with the video bitrate decrease, although not as much as for the case of framerate and resolution decrease. The highest power saving of 12.46% for this scenario is achieved when changing the video bitrate from 1500 kbps to 300 kbps.
V. CONCLUSIONS AND FUTURE WORK
This paper has proposed the Energy-aware Adaptive Multimedia Game-based E-learning (EAMGBL) framework that aims to enable energy-efficient delivery of educational games rendered on the server and streamed to mobile devices over wireless networks. To save the mobile device battery power, the framework adapts the quality of the video game stream. Experimental testing was conducted in order to assess Additional experimental and subjective testing will also be conducted. mm14-129
